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Precise Neutrino-Hadron Interactions

Among the topics to be covered today will be

A historical reminder how this topic developed.
Pion production at small Q2.

Coherent pion Production.

Searches of new neutrinos in the SBLv with light masses
m < Mev/ c2.



Coherent pion production
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* Description and conditions for coherent Pion
Production in Neutrino Scattering (CrtvNS)

I. Polarization Vectors.
ii. PCAC.
iii. Coherence.
iv. A-dependence.

v. Using Carbon data instead of Nuclear
model.



* The lepton current

Jp = (k) v’ (1 — vs)u(k:)

has three helicity |1, A > polarizations with qJ*=0,
and a scalar component propotional to d, -

For CrivNS the dominant polarization is g ,(A=0).
| follow this in order to include the muon mass at low energies.
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Coefficients of polarization tensor
Lpv = Jux Jv
KuK‘v + K‘pKv - gpv K*¥K* +i €uvapKaK’p

= Loo €u(0)Ev(0) + .......
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Coherent pion production

PART I: Gounaris, Kartavtsev, Paschos [PRD74 (2006) 054007]
f= ‘/—Qp

Q2 + m2

The first amplitude is the pion pole, which varies rapidly for small @ and R’
is the amplitude for the rest which is a smooth function of Q2.

—7A+ T(r*N - 7ntN)-R,

PCAC gives the relation

while the definition of the amplitudes gives

V2fzQ*

—amP AT —
q AP Ql_'_rnz

T(x*N - ntN)—-¢’R,

Comparing the last two equations = (A) = (B)

"R, = —V2f,T(x*N = 7t N)



Factor Loo for Paschos+ Schalla vs Berger

Sehgal
[E=1GeV = Q"2=0.010GeV"2 | | Q"2 =0.10 GeV*2
:v GeV Q*2 /min  Pasc+sch BS Pasc+Sch BS
[0.20 0.0028 329 215 150 189
|0.25 0.0037 240 161 140 163
[0.30 0.0048 171 122 130 136
|0.35 0.0061 119 095 110 117
[0.40 0.0074 079 073 095 097
|0.45 0.0091 047 056 085 078
0.50 0.0112 022 070 064

:0.55 0.136 058 051
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e The pion pole term disappears exactly because ¢/ q" = ()

e For )? ~ (few) - m?2 the first term dominates

FOR NEUTRAL CURRENTS
do GFv 2 . do

_ w N + A7
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where Loo, Lrgr, L1y, are density matrix elements given in GKP [PRD74 (2006)
054007]



‘u,v = (E +E' +q|)/2E.
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or better  [t| <1/R?

doy _ exp[ —bt|]
dr




oy (Q%v) [mb]
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FIG. 2. The Rein-Sehgal (dashed line) and Berger-Sehgal



Summary of Conditions

* PCAC requires Q>=0(m?2); afewm?: .
this is satisfied by introducing a form
factor F(g?) = Ma?/(Q% + Ma?)

* Loo €u(0)ev(0) dominance v? >> Q?

* Coherence |t| < 1/R% and large
exponential decrease

* Checking the A dependence



REACTIONS POWER LAWS
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Coherent for CC and NC reactions
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Charged current differential cross section

E=10GeV






Cross sections
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Development of the state|ve(t)>

|ve(t)> = ZlUed(t) = Uerda(t) + ..... =
Uer {Uze|ve>+ Uiu|vp> ] +...+ Vin|Nr>} exp(-
iEat) + ...... exp(-iE2t) + .......

In the time development of each flavor state,
the lowest mass eigenstate brings in
components of the new-flavor states. From
the reactor anomaly we estimate

Vin ~ 0.10 is possible



Several anomalies suggest new sterile
neutrinos
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New interactions
* Npu+e 2 - +V (antineutrino beam)

Nu" +p-->pu+ +n
Nm+ Nucl. =2 Nm + Nucl. (Anapole FF)
Nm+e—=> Nm+e



Down stream the muon neutrinos
develop small components of the
other and the new states.
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Kosmas et al. arXiv:1710.00295
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arXiv:1710.00295; Keloth et al. (L.
Suter and R. Plunkett ---Fermilab)

NOVA Simulation
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Summary

a. Coherent pion production is a rare but interesting
reaction that may help other investigations.

b. There are still open issues to understand: the
modelling of the Q* - and the A-dependence.

c. do/(dQ?dv) are more informative

d. The time development of the known neutrinos have
components of heavy flavors ( sterile and
Majorana, ...) which are investigated in recent
articles, especially for the promising neutrino
program at Fermilab.
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END

* Thankyou !



Anatomy of cross sections

* Oy = 0.65x103% E, (Gev) cm?
for E,= 10 GeV : 6.5x1038 cm?

Oge  =0.50x107% cm?

e o(A) =0.60x103%cm?
e o(coh,mt) =(1.0 to 3.0)x104° cm? /Nucleus
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Figure 25: Feynman rules for the charged current vertices in terms of the neutrino mass eigenstates,
as given in Eq. (A.22).
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Cross section at small Q*2

* Cross Section with zero helicity and
longitudinal polarization. The formula is exact

without transverse polarizations.
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v [GeV]|W [GeV]|o(n*p) [mb]|o(7~p) [mb]|“EE [GeV] v [GeV]|W [GeV]|o(r*p) [mb]|o(n~p) [mb]| 4EL% [GeV]

0.0 1118 16 19 0.399 0.20 1.053 16 12 0.109

0.25 1.097 7 30 0.113
0.25 1.159 77 30 0.240

0.30 1.139 189 67 0.111
0.30 1.199 189 67 0.171 0.35 1.180 175 63 0.104
0.35 1.238 175 63 0.119 0.40 1.219 95 37 0.095
0.40 1.275 95 37 0.079 0.45 1.257 60 28 0.085
0.45 1.311 60 28 0.047 0.50 1.294 42 26 0.074

0.55 1.330 31 28 0.063
0.50 1.347 42 26 0.022

0.60 1.364 24 28 0.052
0.55 1.381 31 28 0.002 _

0.65 1.398 17 34 0.042




